Hydrogen is seen as a key element for the transition from a fossil fuel based economy to a renewable, sustainable economy. Hydrogen can be used either directly as an energy carrier or as a feedstock for the reduction of CO 2 to synthetic hydrocarbons. Hydrogen can be produced by electrolysis, decomposing water in oxygen and hydrogen. This paper presents an overview of the three major electrolysis technologies: acidic (PEM), alkaline (AEL) and solid oxide electrolysis (SOEC). An updated list of existing electrolysers and commercial providers is provided. Most interestingly, the specific prices of commercial devices are also given when available. Despite tremendous development of the PEM technology in the past decades, the largest and most efficient electrolysers are still alkaline. Thus, this technology is expected to play a key role in the transition to the hydrogen society. A detailed description of the components in an alkaline electrolyser and an analytical model of the process are provided. The analytical model allows investigating the influence of the different operating parameters on the efficiency. Specifically, the effect of temperature on the electrolyte conductivity-and thus on the efficiency-is analyzed. It is found that in the typical range of operating temperatures for alkaline electrolysers of 65˚C -220˚C, the efficiency varies by up to 3.5 percentage points, increasing from 80% to 83.5% at 65˚C and 220˚C, respectively.
Introduction
The tremendous economic development of the 20 th century was largely driven by the availability of abundant, cheap fossil fuels. However, there is now a consensus within the scientific community that CO 2 emissions due to fossil fuel combustion are directly correlated with the ongoing climate change [1] . In order to slow down climate change and to prevent the resulting dramatic consequences, there is a need for new, renewable energy sources. The transition from a fossil fuel-to a renewable energy based economy-is already happening in certain countries. In Germany, the contribution of solar electricity to the total electrical consumption increased from less than 0.5% in 2005 to 7.5% in 2015 [2] . However, there is one important drawback of renewable energy sources such as wind and solar: these types of energy sources cannot be controlled and are poorly predictable. Thus, new energy storage capacities have to be built to match the energy supply and demand both timely and geographically. Hydrogen has emerged as a possible energy vector to bridge that gap. Hydrogen could be used directly as an energy vector or as a feedstock for the production of synthetic hydrocarbons via carbon dioxide reduction [3] [4] . Both approaches are shown graphically in Figure 1 . In the first case (left), hydrogen is produced by using renewable electricity sources through the electrolysis process. The oxygen is released in the atmosphere, and the hydrogen is stored. Upon demand, hydrogen is combusted in order to recover energy, for instance in a fuel cell or in a conventional combustion engine. The synthetic fuel cycle (right) is similar. However, the key difference is that CO 2 is included in that cycle. Therefore, synthetic hydrocarbons are produced. The strong advantage of this cycle is the fact that the distribution channels and users' customs do not need to be changed. The challenge lies in the addition of a relatively complex step in the process, i.e. the capture of CO 2 from ambient air. In both cases, the advantage is the absence of net CO 2 emissions.
Regardless of the approach chosen, the production of hydrogen by electrolysis is a key step of the process. There exist three main types of electrolysers, classified based on the ion transferred: Acidic (PEM) electrolysers, alkaline (AEL) and solid oxide electrolysers (SOEC).
Technology Overview
Electrolysis is based on the splitting of water by means of an electrical potential (dissociation of the water molecule in an electrical field). Hydrogen is evolved on the cathode (−) and oxygen on the anode (+). Between the electrodes is an electrolyte, which acts as an electrical insulator and ionic conductor. requirements, e.g. stability under operating conditions, separation of the gases, mechanical separation of the electrodes, ion conduction and mechanical support for pressure differences between the two sides in the cell.
The electrolysers are operated under different conditions such as pressure and temperature. Typically, PEM and AEL devices operate at moderate temperatures (<80˚C and <220˚C, respectively) while solid oxide electrolysers operate at elevated temperatures (>600˚C). A summary of the typical key operating parameters for the three types of technologies is shown in Table 1 .
In general, PEM electrolysers have a low hydrogen production capacity (<30   Nm   3 /h) and a moderate efficiency while AEL electrolysers have larger production capacity and a higher efficiency. The energy required to produce 1 Nm 3 of hydrogen is plotted versus the hydrogen production rate for several installations in Figure 3 . The lower horizontal axis shows the energy content of the produced hydrogen stream based on the Higher Heating Value (HHV)-i.e. the minimal power required to produce that quantity of energy at a 100% conversion efficiency.
Thereby, the difference is made between the PEM electrolyser efficiency of the full system or the stack only, which is sometimes reported in the documentation. Further, it is noticed that hardly any SOEC electrolyser is available commercially at the current stage.
The Lurgi high pressure electrolyzes are still today among the world's most efficient and largest electrolysers, followed by the ambient pressure alkaline electrolysers from NEL (former Norsk Hydro). For a long time, PEM systems were constrained to relatively low production rates (typically less than 30 Nm power up to 100 kW. The specific price of electrolysers per capacity of hydrogen production is represented graphically in Figure 4 . This data was collected by the authors based on commercial quotes and from [8] . 
Components of an Alkaline Electrolyser
Alkaline electrolyte electrolysers represent a very mature technology that is the current standard for large-scale electrolysis [11] . The key components of an alkaline electrolyser are the electrolyte, electrodes, the separator and a container. The characteristics of each of these components are presented in this section.
Electrolyte
The electrolyte in these systems is a liquid based on a highly caustic KOH solution. The ionic charge carrier is the hydroxyl ion, OH − , and a membrane porous to hydroxyl ions but impermeable to H 2 and O 2 , thus providing gas separation.
In the zero-gap cell design, the electrode materials are pressed on either side of the diaphragm so that the hydrogen and oxygen gases are forced to leave the electrodes at the rear, as shown in Figure 5 . Most manufacturers have adopted this design. The hydrogen molecules accumulate on the surface of the electrode until a bubble forms, breaks away, and rises to the surface of the electrolyte. At the oxygen electrode, a similar process occurs in which hydroxyl ions are discharged by giving up their electrons to the electrode and reacting to form water and oxygen. The oxygen molecules accumulate into gas bubbles and rise to the surface. Both of these electrode reactions require some intermediate catalytic reaction with a metal surface. It is believed that the hydrogen ions discharge on the metal surface to form an adsorbed layer of hydrogen atoms, which then recombine on the surface to form hydrogen molecules. The ease with which the electrode reactions occur is profoundly affected by both the physical and chemical natures of the surfaces of the electrodes. Maximum conductivity occurs in KOH solutions at a concentration 20% -30%, and this is the concentration usually selected [12] . There is one notable exception to the use of alkaline electrolytes, which is the use of a solid polymeric ion-exchange material that also has good ionic conductivity. Journal of Power and Energy Engineering Ion-exchange resins having mobile negative ions (in other words, alkaline ion-exchange resins) are notoriously sensitive to chemical degradation at elevated temperatures, and this restricts the choice of ion-exchange electrolytes to acidic systems. The most successful work with ion-exchange electrolytes has been carried out using a polymerized fluorinated polystyrene sulphonic acid [13] [14]. Journal of Power and Energy Engineering 
Electrodes
Electrolysers electrodes must be electronic conductors, have a suitable catalytic surface for the discharge of hydrogen or hydroxyl ions and provide a large area interface between the catalyst and the electrolyte [15] . Further, they must provide adequate sites for nucleation of gas bubbles and favorable properties for the detachment of gas bubbles so that they may separate from the electrolyte at the operating voltage of the cell. The form of the electrodes varies considerably from one cell design to another. The anode and cathode materials in these systems are typically made of nickel-plated steel and steel, respectively [16] [17] . Large surface areas are obtained by the use of sintered structures, finned bodies, screens, perforated plates and flat plates with electrochemically roughened surfaces. In the alkaline cells, nickel is the most commonly used catalytic surface. Rather than making electrodes out of solid nickel, nickel-plated mild steel is often used. The application of precious-metal catalysts, such as platinum, assists the electrode processes considerably and allows them to proceed more rapidly than on nickel [18] . However, the extra cost of the precious metal is usually not considered justified. In the case of the polymeric acid electrolyte, electrodes must be made of materials chemically more resistant than nickel or steel. Tantalum and gold have been used, while the precious metals themselves, platinum, rhodium, iridium, etc. are usually considered necessary as catalysts. When platinum is used, a large surface area can be obtained by the use of so-called platinum black, a finely divided powder of platinum metal particles.
Separator
A separator is required between the two electrodes for two reasons. First, it prevents the electrodes from creating a short circuit. Second, it prevents hydrogen and oxygen from mixing within the cell. An effective separator must consist of a N. Gallandat et al.
porous diaphragm or matrix permeable to the electrolyte solution affording an ionic conducting path from one side of the cell to the other. These pores must remain full of liquid so that gas cannot penetrate. Additionally, the separator material must not be corroded by the electrolyte in the presence of hydrogen or oxygen gas and must remain structurally stable for the entire operating life of the cell so that the pores do not collapse. In order to keep the ionic resistance of the cell as low as possible, the separator is usually made in the form of a thin sheet, the thickness of which is determined by mechanical strength and gas crossover limitations. In the case of alkaline cells, asbestos has commonly been used for the separator material. However, this material has now been removed from commercial devices because of health hazards. Some experimental materials such as potassium titanate have been used in other alkaline cells [19] . Currently, most commercial alkaline electrolysers are using a separator of the type Zirfon UTP 500, which is a hydrophilic polyphenylene sulphide fabric coated with a mixture of a polymer and zirconium oxide [20] . More recently, there was an increased interest in composite membranes based on polysulfone and mineral fillers. These membranes were measured to have superior performance than commercially available products with the additional advantage of allowing higher operating temperatures [21] .
Container
Finally, a container is required to hold the electrolyte. In some cells, a nickel-plated steel tank with a lid is used. In others, solid metal sheets are interposed between the electrodes, which are then stacked together with peripheral gaskets used to seal the outer edges. In this way, no separate container is required and the current is passed from one electrode to the next through the metal separator plate.
System
In addition to the basic components of the electrolyser cell itself, an electrolyser system requires further components. These include power electronics to convert AC power to the DC current required by the cell, an electrical bus bar equipment to distribute the DC power to the various electrodes in an assembly of electrolyser cells, gas-exit pipe work to duct the hydrogen and oxygen away from the cell, separation systems to separate the gases from the electrolyte, which may be entrained with the gas or deliberately circulated out of the cell with the gas, cooling systems to remove waste heat from the cell itself and, finally, drying systems to dry the hydrogen and oxygen after they have been generated. The typical operating temperatures and pressures of these electrolysers are 65˚C -220˚C and 1 -30 bar, respectively [5] . The layout for a typical alkaline electrolysis plant is shown in Figure 6 . In practice, filter-press-type cells are usually constructed with separate electrodes in each cell that are electrically connected through a solid metal separator plate that serves to keep the hydrogen cavity of one cell separate from the oxygen Journal of Power and Energy Engineering cavity of the next one. Because the cells of the filter-press-type electrolyser can be relatively thin, a large gas output can be achieved from a relatively small piece of equipment. It is usually necessary to cool the cells by circulating the electrolyte through them, and the electrolyte exiting from the cell carries with it the gas produced. In many designs, separation of the gas from the electrolyte is accomplished in a separating drum mounted on top of the electrolyser. The electrolyte, free of gas, is re-circulated through the cells. The major advantages of filter-press-type electrolysers are that they take up less floor space than the tank-type design; they are more amenable to operation at high pressures and high temperatures. On the downside, filter-press-type electrolysers require a much closer tolerance in construction because of sealing problems and are more difficult to maintain because if one cell fails, the entire battery has to be dismantled and production of hydrogen is lost. Filter-press electrolysers usually present higher capital costs per unit area than tank-type cells, and, to compensate for this, they are operated at higher current densities.
The bipolar design has been universally accepted as offering the most potential for incorporation of advanced technology. This is in part due to the intangi- Typically, there are tradeoffs related to an increase in current density. At a higher current density, the investment costs are reduced but the electricity consumption and thus the operational cost are increased. In order to further en-hance the performance of alkaline electrolysers, Ulleberg suggested three axis of research: 1) develop new cell configuration to reduce the surface-specific cell resistance; 2) increase the process temperature to increase the electrolyte conductivity and thus reduce the cell resistance; and 3) research new electrocatalysts in order to decrease the anodic and cathodic overpotentials [12] .
Analytical Modeling of AEL Electrolysers
The water decomposition reaction occurring in electrolysis is shown in Equation (1) . The standard enthalpy of reaction and change in entropy are calculated in Equation (2) and Equation (3), respectively. Thereby, water is considered as a liquid.
The minimal work that has to be applied for the reaction to happen is calculated using Equation (4) . The left hand side corresponds to the minimal amount of energy that has to be provided in the form of work, e.g. as electricity. The last term on the right hand side of the equation represents the maximal fraction of the reaction enthalpy that can be provided in the form of heat.
Using the values of (5) and Equation (6), respectively. Thereby, n is the number of electrons transferred (n = 2), and F is Faraday's constant (F = 96487 C/mol).
V rev corresponds to the minimum cell voltage required for a reversible process when heat is provided by the surroundings. The thermoneutral potential V th is the voltage required if the cell operates adiabatically, i.e. no heat is lost or added to the cell during the process. At room temperature, V rev = 1.28 V and V th = 1.48 V, respectively. The thermoneutral potential is higher because it includes the heat linked to the change in entropy occurring in the reaction. The efficiency of the electrolysis process is defined as the thermoneutral potential divided by the applied voltage, as shown in Equation (7).
It is interesting to notice that, using this definition, an efficiency higher than notice that the amount of energy that can be supplied in the form of heat increases with increasing temperature. In this case, the electrolysis process is endothermic [22] . However, the thermoneutral potential remains relatively constant across a wide range of temperatures, except for a discrete change at the boiling point of water.
In practice, the applied voltage required to dissociate water into hydrogen and oxygen does not only depend on the above thermodynamic parameters, but additional voltage drops in the system have to be considered to account for the different losses. The actual required voltage can be calculated in Equation (8).
( ) [22] . The novelty of this work, however, is the consideration of the temperature dependence of the electrolyte's conductivity C. A current-voltage curve for a typical alkaline electrolyser is shown in Figure 8 . Thereby, the losses due to electrical conduction are further decomposed in ohmic losses through the electrodes and losses due to conduction in the electrolyte. In practice and for zero-gap alkaline electrolysers, the ohmic losses are much lower than the other contributions and are therefore neglected in Equation (8) . An interesting aspect of the graph shown in Figure 8 is the nonlinear behavior of the voltage as the current tends to zero. This is due to the fact that a fraction of the energy required for the water splitting reaction can be provided in the form of heat. At zero current, no heat is generated. As the current density increases, heat is generated proportionally to the square of the current. Thus, the voltage follows this non-linear trend to the point at which the thermo-neutral potential is reached.
Past this point, the linear relationship between current density and applied voltage shown in Equation (8) is valid again.
An important parameter that is seldom considered but has an important impact on the efficiency of the electrolyser cell is the temperature dependence of the electrolyte conductivity [23] [24] [25] . The conductivities of typical electrolytes used in PEM, AEL and SOEC electrolysers are plotted as a function of the temperature in Figure 9 . These curves can be described by Equation (9) , and the corresponding parameters are summarized in Table 3 .
Finally, the purity of the hydrogen and oxygen produced can be calculated following Equation (10) and Equation (11) 
Equations (2) to (11) are implemented for a typical alkaline electrolyser. The values of the parameters used are summarized in Table 4 . A trend of interest is the behavior of the efficiency as a function of the temperature. As seen from Figure 7 , the themoneutral potential remains roughly constant across a wide range of temperatures. However, as the electrolyte conductivity varies with temperature, so does the corresponding voltage drop. This behavior is shown in Figure 10 . It is noted that an increase of the operating temperature form 65˚C to 225˚C results in an efficiency gain of 3.5 percentage points from 80% to 83.5% due to the higher conductivity of the electrolyte at elevated temperatures.
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Conclusion
An overview of the electrolysis technologies was provided. Currently, there exist Figure 10 . Electrolyser efficiency as a function of the operating temperature. The parameters of the electrolyser are the same as described in Table 4 .
that suppliers from Asia are emerging with products prices lower by an order of magnitude as compared to Western suppliers, especially in the low-and middle-size PEM market. However, alkaline electrolyser still remains the preferred technologies for larger scale hydrogen production. The main component of alkaline electrolysers is described and the layout of a typical alkaline electrolysis plant is presented. Additionally, the electrolysis process is modeled analytically. The model includes the dependence of the electrolyte conductivity on temperature. For typical parameters of an AEL electrolyser, it is found that the major loss contribution springs from the over-potential at the anode (57%), followed by losses through conduction in the electrolyte (26%) and over-potential at the cathode (17%). The model developed can be used to determine the optimal design and operation point of a system.
